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We have used a subtractive method to clone novel messages enriched in the heart. Here we show that one such message, bves
(blood vessel/epicardial substance) is a novel protein that is highly conserved between chicken and mouse. The bves message is
detected at high levels in early chick hearts. Using anti-Bves antibodies, we show expression in cells of the proepicardial organ,
migrating epicardium, epicardial-derived mesenchyme, and smooth muscle of the developing intracardiac arterial system,
including the coronary arteries. Our data suggest that Bves is an early marker of developing vascular smooth muscle cells. In
addition, the expression pattern of Bves protein reveals the patterning of intracardiac vascular smooth muscle and possible
insights into the cellular regulation of smooth muscle differentiation during vasculogenesis. © 1999 Academic Presso
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aINTRODUCTION
Diverse cell types including myocytes, endocardial endo-
thelial cells (hereafter referred to as endocardium), fibro-
blasts, epicardium, vascular endothelium, and vascular
smooth muscle make up the heart (Fishman and Chien,
1997). These cells populate the heart at different times and
have diverse origins. Myocytes and endocardium arise from
epithelia located in the anterior lateral mesoderm of the
embryo and are the first cells to comprise the heart (De-
Hann, 1965; Coffin and Poole, 1988; Sater and Jacobson,
1989; Gonzalez-Sanchez and Bader, 1990; Fishman and
Chien, 1997). After establishment of this two-layered epi-
thelial tube, additional migratory mesenchymal cells move
into the forming heart. Among these are neural crest cells
that are targeted to specific regions of the outflow tract and
cardiac skeleton where they differentiate into connective
tissue and smooth muscle (Kirby et al., 1978; Kirby and
Waldo, 1990) and cells of the proepicardial organ that will
differentiate into at least four different cell types.
The proepicardial organ is a transitory epithelial struc-
ture located at the septum transversum (Manasek, 1968). At
stage 15 in the chick and 9.5 dpc in the mouse, the
proepicardial organ is situated at the root of the sinoatrium
Accession numbers for mouse and chicken bvi are AF124510 and
e
1
F124511. Current ESTs for the mouse are AA615786, AA041984,
nd AA688590.
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All rights of reproduction in any form reserved.n its dorsal surface (Manasek, 1968; Komiyama et al.,
987). Strands of epithelium begin to extend over the heart
orming the future epicardium while the future pericardium
s formed as the proepicardial strands extend over the
ericardial cavity (Manasek, 1968; Manner, 1993). A sub-
opulation of epicardial cells begins to delaminate and
igrate into the subepicardial connective tissue and myo-
ardium (Manasek, 1968; Viragh and Challice, 1981; Hi-
uma and Hirakow, 1989; Manner, 1993). These cells will
ifferentiate into fibroblasts, vascular endothelium, and
ascular smooth muscle (Mikawa and Gourdie, 1996; Dett-
an et al., 1998). While clonal analysis has shown that
ivergence of these lineages likely has already taken place
n the proepicardial organ (Mikawa and Gourdie, 1996;
ettman et al., 1998), the timing of commitment, differen-
iation, and patterning of endothelial and smooth muscle
ells is unresolved.
Development of the intracardiac circulation is unique in
asculogenesis. Most of the systemic vessels develop from a
ast endothelial sheet that is connected to the endocardium
f the developing heart (Coffin and Poole, 1988). Recent
tudies suggest that endothelial cells induce local mesen-
hyme to differentiate into smooth muscle (Folkman and
’Amore, 1996, and references within). Development of the
ntracardiac vessels contrasts this situation as endothelial
nd smooth muscle cell progenitors arise from the same
pithelial structure (the proepicardial organ) (Manasek,
968; Viragh and Challice, 1981; Mikawa and Gourdie,
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160 Reese et al.1996; Dettman et al., 1998). These epithelial cells delami-
nate, migrate as single cells to distant sites within the
heart, and then differentiate. In addition, the intracardiac
system is generated without connection to the systemic
circulation (Poelmann et al., 1993; Viragh et al., 1993).
Finally, a new bHLH molecule, capsulin, has been identi-
fied in the progenitors of smooth muscle of the intracardiac
arterial system, suggesting unique molecular regulation
(Hidai et al., 1998; Lu et al., 1998). Thus, the ontogenesis of
the intracardiac arterial system appears to be unique.
Organogenesis of the heart is a complex process wherein
several independent yet interacting morphogenetic events
proceed concurrently. In an effort to understand specific
cellular processes involved in heart development, we have
produced a screen to identify novel gene products expressed
during its organogenesis. Here we describe the identifica-
tion and characterization of a novel gene product, bves
(blood vessel/epicardial substance), uniquely expressed in
the proepicardial organ and a subset of its progeny that give
rise to the vascular smooth muscle of the intracardiac
arteries. Analysis of Bves expression reveals the migration
and patterning of vascular smooth muscle in the heart and
possible insights into the cellular regulation of smooth
muscle differentiation during vasculogenesis.
MATERIALS AND METHODS
Animals and tissues. Fertilized White Leghorn chicken and
uail eggs were obtained from Truslow Farms (Chestertown, MD)
nd incubated under high humidity in a 37°C incubator. Embryos
ere staged according to Hamburger and Hamilton (1951). Timed
regnant ICR mice were obtained from The Jackson Laboratory and
mbryos were dissected at various days postcoitus. For RNA
solation, embryos were dissected and excised tissues were imme-
iately frozen on dry ice. All tissues were stored at 270°C prior to
RNA preparations.
RNA isolation. For the production of a heart-enriched cDNA
library, RNA was prepared from frozen tissues (HH stage 18 hearts
and embryos without hearts). Samples were sonicated in Trizol
reagent (Life Technologies) and prepared as per the manufacturer’s
instructions. Poly(A)1 mRNA was twice enriched using the
Poly(A)1 Tract System oligo dT immunomagnetic separation (Pro-
mega).
cDNA library construction and screening. A Stage 18 heart-
subtracted library was constructed using PCR Select (Clontech) as
per the manufacturer’s instructions. Briefly, 1 mg twice poly(A)1-
nriched RNA was used to synthesize double-stranded cDNA from
eart and heartless embryos. The resulting cDNA was RsaI di-
ested and the heart cDNA was separated into two pools, in which
ifferent adaptors were ligated to each set. Two different subtracted
ools were created by hybridizing both heart pools to non-adaptor-
igated embryonic cDNA. One subsequent round of subtraction
as carried out by combining these pools. The resulting hybridiza-
ion mixture was used as template to PCR amplify differentially
xpressed cDNA using adapter-specific primers. The differentially
xpressed cDNAs were then cloned into the T-Easy vector (Pro-
ega). We approximate the sequence complexity of this library to
e 2500 with an average insert size of 350 bp. Analysis of 120
P
n
Copyright © 1999 by Academic Press. All rightndependent clones indicated that the known sequences obtained
ere indeed enriched in the heart at this stage in development.
Cloning of chick and mouse bves. Chick bves was cloned
sing the original cloned cDNA insert as a probe. Library screening
as performed using a chick embryonic heart library (Wei et al.,
996). Three independent overlapping cDNA clones were se-
uenced and compared to the NCBI database by BLAST homology
earching. The longest of these clones, pbves.1, contains a 1.6-kb
nsert within the pEXlox vector. Multiple attempts at 59 end
loning using RACE failed to provide additional sequence.
Mouse ESTs were identified by sequence similarity with the
bves.1 clone. The longest independent clone, 1181026 (Genome
ystems), contains 1.4 kb of mbves. cDNA library screening of a l
mouse heart library (Stratagene) failed to yield larger cDNA clones.
59 RACE of a mouse heart RACE library (Clontech) yielded 300 bp
of additional sequence at the 59 end of the cDNA. Sequence
analysis of bves clones was performed using Macvector 6.5 (Oxford
Molecular Group). Sequence homology analysis of mouse and
chick bves was performed using a Clustal alignment designated by
the program.
Northern blot analysis. Equal amounts of poly(A)1 RNA (2 mg)
were loaded in a 1% formaldehyde denaturing gel for electrophoresis.
After electrophoresis, RNA was transferred to a charged nylon mem-
brane (Genescreen), crosslinked, and prehybridized using Rapid Hyb
buffer (Amersham) at 65°C for at least 2 h. Membranes were hybrid-
ized to 32P-labeled random-primed cDNA probes. Probes used include
PCR probes generated specifically to bves and b-actin.
RT-PCR analysis of bves expression in staged embryo series.
Total RNA was isolated from cardiogenic regions of stage 4–8
embryos and from hearts of stage 10–18 embryos using Trizol reagent.
For mouse embryos, total RNA was prepared in the same manner for
whole embryos at different time points. One hundred nanograms of
total RNA was used to amplify bves, vmhc1, and gapdh using
gene-specific primers. The primers used for bves were 59-AAC CAC
TCC ATG TGC CTC CA-39 and 59-CTG CGA TAA TGG TGA CCT
GG-39. The primers used for vmhc1 were described previously (Bisaha
and Bader, 1991). An initial 45°C first-stand synthesis was performed
for 45 min followed by 30 cycles of PCR under the following
conditions: 94°C for 10 s, 52°C for 10 s, and 45 s extension at 72°C
with RT-Access RT-PCR (Promega). Products were electrophoresed
on a 1% agarose gel and blotted to a charged nylon membrane for
Southern analysis. The resulting membranes were probed using radio-
labeled random primed cDNA inserts from clones corresponding to
bves, mbves, vmhc1, and gapdh.
Polyclonal antibody generation. Polyclonal antibody D033
was generated in rabbits (Biosynthesis). The chick Bves sequence
used was DSPEFRSTQMNRGEK. This peptide was used to preab-
sorb antisera in competition assays (see below). Antisera produc-
tion was standard and affinity-purified antiserum was produced
with peptide-conjugated column.
Immunolocalization of Bves using D033 polyclonal antibody.
Immunofluorescence staining was carried out using frozen sections
(8 mm) of staged chick embryos. All sections were fixed in 70%
methanol, permeabilized in PBS with 0.25% Triton X-100, and
blocked for at least 2 h in 2% BSA/PBS. Antibodies were reacted for
1–2 h followed by standard PBS washes, second antibody reaction
for 1 h, PBS washes, and postfixation. Dilutions of primary anti-
bodies were affinity-purified D033 polyclonal anti-Bves 1:100, mAb
anti-smooth muscle a-actin 1:100 (Sigma), MF20 hybridoma super-
atant undiluted, QH1 1:1000 mouse ascites (DSHB) in 1% BSA/
BS. Secondary antibodies used were obtained from Jackson Immu-
oresearch and were raised against either rabbit or mouse IgG and
s of reproduction in any form reserved.
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161bves and Blood Vesselsconjugated to either Cy2 or Cy3 at suggested dilutions. Sections
were also stained with DAPI to identify nuclei at a dilution of
1:2000. At least 10 sections in five separate experiments were
examined for each stage with each antibody. For peptide competi-
tions, a 50-molar excess of immune peptide was added for 1 h prior
to reaction with the sections. All subsequent steps were identical.
For Western blot analysis, stage 25 hearts were collected, solu-
bilized in SDS sample buffer, and subjected to SDS/PAGE and
transfer to PVDF paper (Amersham) using standard methods (Har-
low and Lane, 1988). Blots were blocked in 2% nonfat dry milk in
PBS and reacted with anti-Bves (1:100) in 2% nonfat dry milk for
4 h. Blots were washed, reacted with AP-labeled goat-anti-rabbit
(1:10,000; The Jackson Laboratory), and developed as previously
described (Harlow and Lane, 1988). The molecular weight of the
reactive band was calculated by comigration with molecular
weight standards (Bio-Rad). For peptide competition, anti-Bves was
reacted with 50-molar excess of immune peptide for 1 h prior to
reaction with the blotted filters.
It should be noted that in addition to the cells of the intracardiac
arterial system and proximal aorta, this antibody recognizes a
protein in the smooth muscle of the developing gut. As bves
message is not detected in this tissue, we assume that anti-Bves
serum recognizes a related protein in intestinal smooth muscle.
Efforts are under way to clone this message.
RESULTS
Identification and predicted structure of novel cardiac-
specific gene products. Our initial goal was to identify
ovel heart-enriched messages expressed during cardiac
orphogenesis. The “looping” stage of heart development
as chosen because several critical events such as looping,
yocyte proliferation, trabeculation, valve formation, and
picardial differentiation occur at this time. A cDNA li-
rary enriched for heart-specific sequences was produced
approximately 2500 independent clones, average insert size
50 bp). One hundred twenty clones were randomly se-
ected, sequenced, and Blasted against known databases.
ver 70% of the clones isolated were known muscle- or
ardiac-specific messages, primarily structural gene prod-
cts. It should be noted that the only differentiated myo-
ytes in the stage 18 chick embryo, outside the heart, are
yotomal cells that comprise a minor cell population. The
equences of 12 clones were unique. These inserts were
sed in RNA blot analysis to determine which RNAs were
nriched in the heart. The hybridization pattern of bves,
hich is the subject of the present study, with stage 20
eart and embryo without the heart RNAs is shown in Fig.
A. bves hybridized to a 1.8-kb band enriched in the heart
nd not detectable at high levels in the rest of the embryo.
orthern analysis of day 14 chicken embryos shows that
ves expression is maintained at high levels in the heart
Fig. 1B). While Northern analysis determined that bves is
highly enriched in the heart, our protein expression data
suggest that bves is also expressed in the proximal aorta (see
below). Analysis of EST databases identified related mouse
cDNAs that were obtained and used to clone homologues
from corresponding mouse heart cDNA libraries.
1
s
Copyright © 1999 by Academic Press. All rightThe derived amino acid sequences of chicken and mouse
ves are given in Fig. 2. Derived amino acid sequences
emonstrate a high degree of homology, especially over
mino acids 70 to 472 in the two predicted sequences. An
nmodified protein of approximately 53 kDa is predicted.
here is 75% identity and 92% similarity in this region
Fig. 2). The N-terminal-most 70 amino acids represent the
ost divergent portion of the predicted protein. Computer
nalysis predicts a conserved overall topography between
vians and mammals. While the primary sequences in the
hree species studied thus far (human sequence not shown)
emonstrate significant homology, these analyses do not
rove that any of these predicted structures have functional
ignificance. There is no significant homology to any
nown proteins in the database. These data show that Bves
s a novel yet highly conserved protein.
bves message is highly expressed in the developing
eart. Northern blot analysis determined that a single
and hybridized with the bves probe in the differentiated
eart (Fig. 1). bves expression is maintained throughout
eart development and in the adult. To determine when
ves expression is first detected during cardiogenesis,
taged cardiogenic mesoderm and hearts were isolated and
repared for RT/PCR analysis. GAPDH was used as a
ositive control while VMHC1 was used as a marker for the
nitiation of myogenic differentiation (Bisaha and Bader,
FIG. 1. Northern blot analysis of bves expression in chick. (A) 20
mg of RNA from stage 20 heartless embryos (1) and hearts (2) was
probed with the original PCR fragment used to clone bves. (B)
oly(A)1 RNA (2 mg/lane) isolated from various tissues of an E14
hick. RNA was probed using a 300-bp fragment of bves. Tissues
hown are heart (lane 1), brain (lane 2), liver (lane 3), gizzard (lane
), and skeletal muscle (lane 5). For a loading control the blot was
tripped and reprobed with a 250-bp cDNA probe for gapdh.991). As seen in Fig. 3, VMHC1 expression is detected at
tage 8, marking the onset of contractile protein gene
s of reproduction in any form reserved.
a d seq
e 75%
162 Reese et al.expression in the avian heart. Other studies have shown
that the major contractile protein genes are also activated
during this time frame (Ruzicka and Schwartz, 1988; Bisaha
and Bader, 1991; Han et al., 1992). Interestingly, bves is first
detected at stage 10, suggesting that its expression is not
activated with the major contractile protein genes.
Bves protein is expressed in the proepicardial organ,
migrating epicardial cells, and vascular smooth muscle.
In order to determine the cellular distribution of Bves
protein during the initial phases of heart development, an
antiserum against chicken Bves was produced. This anti-
serum reacted with a single band calculated to be approxi-
mately 58 kDa in Western analysis of stage 25 hearts. This
FIG. 2. Amino acid comparison of chick and mouse bves seque
vailable overlapping sequence of chick and mouse bves. Amino aci
ntire length of the cDNAs. The mouse amino acid sequence hasis compared to the predicted molecular weight of 53 kDa for
unmodified Bves derived from cDNA sequencing. The im-
Copyright © 1999 by Academic Press. All rightmunoreactive band was specifically competed by excess of
the immune peptide (Fig. 4). This immunoreactive band is
not seen in blots of other tissues (data not shown). It should
be noted that 150 mg of total heart protein was loaded on
this gel and that the band appears to represent a minor
component of the total protein complement in the heart.
Interestingly, immunofluorescence analysis showed that
Bves was not found in heart muscle at stage 10 but instead
was present in the proepicardial organ and its derivative,
the migrating epicardial strands (Fig. 5B). Bves is present in
proepicardial cells with wide distribution in the cytoplasm
(Fig. 5C). By day 7, the epicardium has migrated over the
entirety of the atria and nearly all the ventricles and is
and computer prediction of overall Bves structure. Shown is the
uence was obtained using at least two independent clones over the
identity and 92% similarity with chick Bves.ncestained with anti-Bves (Figs. 6B and 6F). Controls with prior
peptide competition show complete absence of anti-Bves
s of reproduction in any form reserved.
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163bves and Blood Vesselsactivity in adjacent sections (Figs. 6D and 6G). As develop-
ment proceeds, Bves-positive cells are observed in the
connective tissue-rich subepicardium at E7 (Figs. 7B and
7D). Previous studies have shown that these mesenchymal
cells are derived from the proepicardial organ (Manasek,
1968; Mikawa and Gourdie, 1996; Dettman et al., 1998).
The subcellular localization of Bves is dramatically altered
in these delaminated cells as it takes on a punctuate,
perinuclear pattern (Fig. 7D). Individual Bves-positive cells
are next seen within the trabeculae of the heart wall
adjacent to forming vascular channels that appear as gaps in
the myocardium (Fig. 8B). As channels take on a more
ordered pattern within the developing heart, Bves-positive
cells are seen juxtaposed to the vascular lumen (Fig. 8D).
These cells are adjacent to endothelial cells identified by
QH1 staining in quail hearts. Bves-positive cells were never
stained with QH1 in developing arteries. Bves expression is
restricted to vascular smooth muscle of the differentiated
intracardiac arteries and is not observed in systemic arteries
expect for the proximal aorta (see below). These data
demonstrate that Bves protein is expressed in proepicardial
cells and delaminated mesenchyme and is later restricted to
vascular smooth muscle cells and suggest that Bves is an
early marker of smooth muscle differentiation.
Bves expression reveals two patterns of vascular smooth
muscle differentiation. As Bves appears to be an early
marker of smooth muscle cell differentiation, we used its
expression to analyze the differentiation of smooth muscle
IG. 3. Temporal expression of bves in the developing chick.
ves-, vmhcl-, and gapdh-specific primers were used to detect
xpression via RT-PCR. Products were then electrophoresed,
outhern blotted, and probed using gene-specific sequences. Stages
f embryos used are indicated above each lane.
Copyright © 1999 by Academic Press. All righturing vasculogenesis in the intracardiac arteries and the
orta.
Analysis of arterial differentiation with Bves revealed two
istinct patterns of smooth muscle differentiation. First, in
ntracardiac vessels including the coronaries, Bves-positive
ells accumulate adjacent to the endothelium. These cells
ecome smooth muscle actin-positive while Bves-positive,
mooth muscle actin-negative cells are positioned periph-
rally. Figure 9 shows the developing coronary artery as an
xample of intracardiac arterial differentiation. Later all
ascular smooth muscle cells express both Bves and muscle
ontractile proteins. In contrast to the pattern seen in
ntracardiac vessels, concentric rings of cells closest to the
uminal surface of the aorta are positive for Bves but are
egative for smooth muscle actin (Fig. 10C). In the more
eripheral rings, cells become positive for both antisera.
hus, the pattern of expression of these two smooth muscle
roteins is reversed in the aorta. Taken together, these data
uggest that Bves accumulates in smooth muscle prior to
ontractile protein expression but that the pattern of
mooth muscle differentiation is dependent upon the par-
icular type of vessel.
DISCUSSION
We have used a subtractive method to identify novel
proteins expressed during cardiac morphogenesis. Here we
report the cloning of a novel message, bves, that is highly
conserved in avians and mammals. The expression pattern
of Bves protein is unique during heart development as it is
detected in cells of the proepicardial organ, migrating pro-
epicardial strands, delaminated mesenchymal cells, and
FIG. 4. Western blot analysis with anti-Bves. 150 mg of total protein
as loaded on this 12% gel. Anti-Bves reacts with a single band at
pproximately 58 kDa (1). This band is competed by pretreatment of
erum with a 50-molar excess of immune peptide (2).vascular smooth muscle. Bves expression reveals the migra-
tion and patterning of cells targeted for the tunica media of
s of reproduction in any form reserved.
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164 Reese et al.intracardiac arteries. In addition, our data suggest that the
initiation of smooth muscle differentiation may occur ear-
lier than previously described and that regulation of smooth
muscle differentiation may vary in different vessels.
Bves is a novel protein. We have cloned chicken and
mouse bves cDNAs. These sequences show a remarkable
degree of similarity over amino acids 70–480, suggesting a
conservation of structure and function. It should be noted
that this N-terminus is very proline rich while the
C-terminus is predicted to have multiple potential glyco-
sylation sites. Although these predictions are intriguing, at
present we cannot assign Bves to any known class of
proteins in the database. While Northern blot analysis
suggests that bves is not widely expressed in the developing
embryonic or adult chicken, being present at high levels
only in the heart, anti-Bves antibody detects a immunologi-
cally related protein in smooth muscle of the small intes-
tine. Still, at present we are unable to determine whether
FIG. 5. Immunolocalization of Bves to the proepicardial orga
proepicardial organ (Peo), developing atria (A), and ventricle (V) is
proepicardial organ and the developing epicardium around the ventr
box in (A) notes the diffuse cytoplasmic distribution of Bves. (Orig
FIG. 6. Anti-Bves marks the epicardium and is competed by imm
presence or absence of competing peptide. Phase microscopy (A) sh
but Bves-positive cells are not yet seen in the myocardium (B). In
the ventricle while the yellow arrow shows that migrating Bves-pos
power (phase, E; anti-Bves, F), Bves-positive cells have delaminate
adjacent section was reacted with anti-Bves with competing peptide and
H). (A–D are 1303 and E–H are 2503.)
Copyright © 1999 by Academic Press. All rightelated proteins are expressed in the developing and adult
rganism. Additional biochemical analyses are necessary to
etermine Bves structure and function.
Bves expression reveals the patterning of smooth muscle
uring heart vasculogenesis. Bves is expressed in cells of
he proepicardial organ and migrating proepicardial
trands. The proepicardial organ is a mesothelial struc-
ure positioned at the dorsal aspect of the septum trans-
ersum. At least four cell types are derived from this
tructure: epicardium, cardiac fibroblasts, intracardiac
ascular smoothmuscle, and endothelium. While some
ells remain as an intact epithelium, the epicardium,
ther cells undergo epithelial-to-mesenchymal transition
o become progenitors of vascular endothelium, smooth
uscle, and cardiac fibroblasts. At present, we cannot
etermine which cells of the proepicardial organ express
ves. Bves may be expressed in any or all progenitors of
hese four cell types while they are located in the
d migrating proepicardial strands. (A) Phase-contrast view of
. (B) Localization using anti-Bves serum demonstrates staining of
(C) High-power view of migrating proepicardial strands seen in the
magnification (1303.)
eptide. Sections of day 7 hearts were reacted with anti-Bves in the
a section through the developing heart. The epicardium is stained
white arrow shows Bves expression in cells on the dorsal side of
cells have not yet reached the ventral side of the ventricle. At high
m the epicardium but have not yet entered the myocardium. Ann an
givenune p
ows
B, the
itive
d froshows loss of staining (phase, C; anti-Bves, D; phase, G; anti-Bves,
s of reproduction in any form reserved.
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168 Reese et al.proepicardial organ and strands but later may become
restricted to vascular smooth muscle cells.
As the proepicardial strands cover the surface of the
heart, cells delaminate to form freely migratory cells
(Mikawa and Groudie, 1996; Dettman et al., 1998). Some
of these cells are Bves positive and migrate into the
subepicardium and the substance of the myocardium
(Figs. 6, 8, and 9). Our data in quail show that these
Bves-positive cells are not QH1 positive. This suggests
that delaminated Bves-positive cells are not endothelial
progenitors. Bves-positive cells migrate throughout the
trabecular myocardium but are seen only in the tunica
media of intracardiac arteries in differentiated hearts.
Once in the media, Bves-positive cells arrange as concen-
tric rings that eventually express the smooth muscle
marker, smooth muscle a-actin (see Figs. 9 and 10). Thus,
while we cannot determine which cell types of the
proepicardial organ transiently express Bves, Bves expres-
FIG. 9. Bves and a smooth muscle actin colocalization in E17 quai
green) around a coronary artery in the E17 quail heart. Note that t
hile cells that express Bves alone are added peripherally. (2503.)sion in delaminated proepicardial cells and its subse-
quent restriction to smooth muscle cells suggest that
Copyright © 1999 by Academic Press. All rightBves may be used as an early marker of smooth muscle
cells.
Bves expression reveals novel mechanisms in vasculo-
genesis. The process of systemic vasculogenesis has been
studied extensively. Endothelium of the systemic arterial
system is derived from a continuous sheet of epithelial cells
present throughout the developing embryo (Coffin and
Poole, 1988). Signals from endothelium in the vascular bed
are thought to recruit local mesenchyme to the smooth
muscle cell lineage (reviewed in Folkman and d’Amore,
1996). Thus, the interaction of vascular endothelium and
mesenchyme is essential for smooth muscle cell differen-
tiation and vasculogenesis.
The current data and previous studies suggest that the
generation of intracardiac arteries may vary from this model of
vasculogenesis. First, in contrast to systemic vasculogenesis,
both endothelium and smooth muscle progenitors of the
intracardiac system are derived from the same epithelium, the
ryos. Bves expression (red) colocalizes with a smooth muscle actin
ooth muscle cells closest to the lumen also express both proteinsl emb
he smproepicardial organ (Mikawa and Fischman, 1992; Mikawa
and Gourdie, 1996; Dettman et al., 1998). These progenitors
s of reproduction in any form reserved.
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D
c
t
t
170 Reese et al.undergo concurrent migration as individual cells to spaces
within the myocardium where a vascular channels form. Only
later do these channels connect to form a continuous vessel
(Mikawa et al., 1992; Mikawa and Gourdie, 1996). Next, the
early expression of Bves suggests that progenitors of intracar-
diac smooth muscle, unlike systemic vasculogenesis, initiate
their differentiative program prior to their arrival in the vas-
cular bed. These cells are not fully differentiated, as they have
not yet expressed smooth muscle contractile proteins. Still,
induction of the smooth muscle phenotype by endothelial
cells may occur as the comigration of endothelial and smooth
muscle progenitors from the proepicardial organ provides am-
ple time for their interaction. The expression of Bves in a
population of delaminated proepicardial cells suggests that
smooth muscle cell commitment and/or differentiation oc-
curs much earlier in intracardiac vasculogenesis.
Finally, the relationship of Bves expression with smooth
muscle contractile proteins reveals variation in the differen-
tiation of smooth muscle cells within individual developing
vessels. As seen in Fig. 9, differentiation of intracardiac vessels
is characterized by the accumulation of Bves-positive cells
adjacent to the developing endothelium. These cells are the
first to become smooth muscle actin positive. Other layers of
Bves-positive cells are added at the periphery, later becoming
actin positive, thus suggesting that the most “mature”
smooth muscle is juxtalumenal. This situation is like that
previously described in the descending aorta (Hungerford et
al., 1996). In contrast, the pattern of Bves and smooth muscle
actin expression in the developing aorta suggests that differ-
entiation proceeds from outside inward with the more imma-
ture smooth muscle cells toward the lumen (see Fig. 10). In
both cases, our data suggest a multistep process of smooth
muscle cell differentiation. It is interesting to speculate on the
potential differences in the interactions between differentiat-
ing endothelium and smooth muscle in these two vasculo-
genic systems. Future analysis of the regulation of Bves ex-
pression by endothelial factors may assist in the elucidation of
this relationship.
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